Rationale: Cardiac muscle adapts to increase workload by altering cardiomyocyte size and function resulting in cardiac hypertrophy. G protein-coupled receptor signaling is known to govern the hypertrophic response through the regulation of ion channel activity and downstream signaling in failing cardiomyocytes. Objective: Transient receptor potential canonical (TRPC) channels are G protein-coupled receptor operated channels previously implicated in cardiac hypertrophy. Our objective of this study is to better understand how TRPC channels influence cardiomyocyte calcium signaling. Methods and Results: Here, we used whole cell patch clamp of adult cardiomyocytes to show upregulation of a nonselective cation current reminiscent of TRPC channels subjected to pressure overload. This TRPC current corresponds to the increased TRPC channel expression noted in hearts of mice subjected to pressure overload. Importantly, we show that mice lacking TRPC1 channels are missing this putative TRPC current. Moreover, Trpc1 ؊/؊ mice fail to manifest evidence of maladaptive cardiac hypertrophy and maintain preserved cardiac function when subjected to hemodynamic stress and neurohormonal excess. In addition, we provide a mechanistic basis for the protection conferred to Trpc1 ؊/؊ mice as mechanosensitive signaling through calcineurin/NFAT, mTOR and Akt is altered in Trpc1 ؊/؊ mice. Conclusions: From these studies, we suggest that TRPC1 channels are critical for the adaptation to biomechanical stress and TRPC dysregulation leads to maladaptive cardiac hypertrophy and failure.
C ardiac myocytes respond to changing mechanical workloads by altering the frequency and amplitude of their calcium transients. 1, 2 Encoded in these calcium transients are signals that alter not only the immediate contractile response but also initiate and maintain a remodeling response that adjusts cellular mass, ionic currents, kinetic properties of contractile proteins, and metabolic capacity. 3 It is likely that persistence of these signals modulate the calcium signaling events resulting in a hypertrophic response and adverse remodeling. To identify the proximal signals that regulate cardiac hypertrophy, attention has begun to focus on ion channels because they may link mechanical activity to cell signaling. 4 Recent work has raised the possibility that hypertrophic agonists linked to G-protein coupled receptors activate calcium entry through transient receptor potential canonical (TRPC) channels. [5] [6] [7] [8] [9] [10] TRPC channels encompass a large family of nonselective cation channels found in many different cell types. 11 TRPC channels are activated downstream of G-protein receptor through the phospholipase C signaling by inositol trisphosphate (TRPC1/4/5) or by diacyl glycerol (TRPC3/6/7). 5, 12 More recently TRPC1/6 channels were found to be mechanosensitive channels that mediate nonselective cation entry in response to increased membrane stretch. 6, 7 These findings raise interesting possibilities about TRPC channels as mechanosensitive channels that may be operative during cardiomyocyte stretch associated with pressure overload. In fact, several groups have linked increased TRPC channel activity to cardiac hypertrophy and failure. 8 -10,13 TRPC1/C3/C6 have been found to be upregulated in response to pressure overload and a model of calcineurin-mediated cardiomyopathy. Moreover, transgenic mice overexpressing either TRPC3 or TRPC6 channels in the heart manifest an exaggerated hypertrophic response to pressure overload or die prematurely from heart failure. 9, 13 In contrast, a TRPC3 specific small molecule inhibitor prevented the development of cardiac hypertrophy in wild-type (WT) mice subjected to pressure overload. 14 Despite some evidence suggesting a link between TRPC channels and cardiac hypertrophy, the molecular mechanism by which TRPC channels contribute to cardiac calcium signaling is not known. We therefore tested the hypothesis TRPC1 channels contribute to biomechanical signaling following pressure overload in the cardiomyocytes and we provide direct evidence that TRPC1 is a key mediator of the cardiac hypertrophic response. Our findings support a concept that therapeutic strategies designed to block TRPC1 channels may have clinical benefit in the hypertrophic failing heart.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org. All animal experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committees of Duke University.
In brief, Trpc1 Ϫ/Ϫ and WT mice were maintained in a 129 background for more greater than seven generations. Paired mice were used in each study. Cardiac stress was induced using transverse aortic constriction (TAC) surgery or chronic angiotensin infusion. Adult cardiomyocytes were prepared using Langendorff perfusion to disaggregate single cells. Patch clamp using whole cell technique and calcium imaging with Fura-2 acetoxymethyl ester were used to measure TRPC1 currents and calcium entry. Cardiac lysates were prepared for biochemical assays of relevant signaling pathways. Cryosectioning of hearts was performed for histological studies.
Results

Trpc1 ؊/؊ and Cardiac Hypertrophy
We first designed studies to test the hypothesis that TRPC1 mediated calcium entry in cardiomyocytes activates hypertrophic signaling. Trpc1 Ϫ/Ϫ mice and WT mice were subjected to TAC to induce cardiac hypertrophy. Histological sections of hearts from WT mice demonstrated a marked increase in left ventricle (LV) size after 8 weeks of TAC compared to sham operated mice ( Figure 1A , top row). In contrast, the hearts of Trpc1 Ϫ/Ϫ mice did not demonstrate significant cardiac hypertrophy ( Figure 1A , top row), nor was there an increase in collagen deposition as determined by Sirius red staining compared to the heart sections of WT mice ( Figure 1A , bottom row).
Serial echocardiograms (performed at 0, 4, and 8 weeks) demonstrated a progressive decline in the percentage fractional shortening of WT mice, whereas Trpc1 Ϫ/Ϫ mice maintained preserved percentage fractional shortening over a wide range of systolic pressure gradients (0 to 150 mm Hg) ( Figure 1B and Online Table I ). A detailed statistical analysis for fractional shortening and LV mass/body weight (BW) ratio has been shown in Online Table III and Online Figure II . Invasive LV hemodynamic parameters measured from WT and Trpc1 Ϫ/Ϫ mice showed significant differences in the LV ϩdP/dt max and LV ϪdP/dt min only after the TAC operation. These data indicate that the loss of TRPC1 is associated with preserved contractility despite a marked increase in pressure load (Online Table I ).
Consistent with the observations made by echocardiography and hemodynamics, we found marked difference in cardiac mass between hearts of Trpc1 Ϫ/Ϫ mice subjected to TAC compared to WT mice. The increase in cardiac mass following TAC was significantly reduced in the Trpc1 Ϫ/Ϫ mice as was evident by the change in LV mass/BW ratio (3.1Ϯ0.23 to 4.5Ϯ0.175, before and after TAC, respectively) as compared to WT mice (3.3Ϯ0.14 to 6.8Ϯ0.42) ( Figure 1C and Online Table I ). Thus, it is apparent from these data that Trpc1 Ϫ/Ϫ mice respond to pressure overload with a modest increase in cardiac mass and preserved cardiac function, whereas the same level of pressure overload in WT mice produced significant cardiac impairment. We also considered whether changes in TRPC2-7 channel expression occurred in the hearts of the Trpc1 Ϫ/Ϫ mice as mechanism for the protection seen in the I NSC . In fact, TRPC channels (mRNA or protein) at baseline and after pressure overload did not differ between WT and Trpc1 Ϫ/Ϫ mice (Online Figure I , A through D).
TRPC channels are known to be receptor operated cation channels activated downstream of G-protein coupled receptors, eg, angiotensin II (Ang II), raising the possibility that Ang II mediated hypertrophic signaling may influence TRPC signaling 9,15-17 WT and Trpc1 Ϫ/Ϫ mice infused with Ang II (1000 ng/kg per minute) for 4 weeks (28 days) to induce cardiac hypertrophy ( Figure 1D and Online Table II ).
I NSC in Adult Cardiomyocytes
Next, we designed whole cell voltage clamp studies to measure TRPC currents from isolated adult cardiomyocytes taken from WT or Trpc1 Ϫ/Ϫ mice. Solutions were configured so as to limit voltage gated Ca 2ϩ and K ϩ currents mainly by including inhibitors of L-type calcium channels and Cs ϩ to block K ϩ channels. We used an inverse ramp protocol from ϩ100 mV to Ϫ100 mV to limit voltage gated Na ϩ channel currents and holding potential of 0 mV (see expanded Methods section in the Online Data Supplement). 18 Figure 2A displays current-time plots recorded from WT (brown traces) and Trpc1 Ϫ/Ϫ (blue traces) cardiomyocytes 8 weeks after the TAC operation. WT cardiomyocytes displayed a greater current recorded at both ϩ80 mV and Ϫ80 mV membrane potentials compared to Trpc1 Ϫ/Ϫ cardiomyocytes. The non- selective currents were inhibited by gadolinium (Gd 3ϩ ), a known TRPC channel blocker ( Figure 2A ). We noted that the current-voltage relationship recorded from sham and TAC operated mice was linear in shape with a reversal potential of 0 mV, features reminiscent of nonselective TRPC channels ( Figure 2B ). Interestingly nonselective currents recorded from cardiomyocytes taken from Trpc1 Ϫ/Ϫ mice displayed similar current-voltage relations with zero reversal potential ( Figure 2C ). However, the current density of the nonselective currents recorded from Trpc1 Ϫ/Ϫ cardiomyocytes, both sham and TAC operated mice, was markedly reduced compared to the WT cardiomyocytes ( Figure 2D ). To characterize the I NSC recorded from cardiomyocytes, we sought evidence for the contributions of TRPC from cation selectivity, pharmacological profiling and gating mechanism ( Figure 2E ). Replacing Na ϩ in the external solution with N-methyl-D-glucamine dramatically reduced the nonselective current by greater than 50% from WT cardiomyocytes indicating the current is in part permeable to Na ϩ . In addition, the I NSC was rapidly blocked by the addition of gadolinium (Gd 3ϩ , 10 mol/L) to the perfusion bath. Trivalent cation block of the I NSC is a characteristic feature of TRPC currents. 19 We also found that the putative TRPC1 current was equally permeable to calcium and barium which would further suggest this current is in part contributed by TRPC1 ( Figure 2E ). We found no difference in the Li 3ϩ sensitive currents in cardiomyocytes isolated from WT and Trpc1 Ϫ/Ϫ mice, indicating no change in NCX1 (Na ϩ /Ca 2ϩ exchange) currents (data not shown). 20 In addition, we found that immunolabeled TRPC1 only partially overlapped with that of NCX1 (Online Figure I, E). When considered in total these results indicate that TRPC1 is likely to contribute to the nonselective cation background current recorded in adult cardiomyocytes.
Non-standard Abbreviations and Acronyms
Given the central role of the neurohormone angiotensin-II (Ang II) in the stretch activated signaling in the cardiomyocyte, 21 we tested whether Ang II application influenced the nonselective cation current attributed to TRPC1. Ang II stimulation of WT cardiomyocytes resulted in two-fold increase in the current density of the nonselective current ( Figure 2F ). In contrast, Ang II failed to augment the TRPC current in cardiomyocytes isolated from Trpc1 Ϫ/Ϫ mice ( Figure 2F ). We also tested whether TRPC1 currents were activated by 1-oleoyl-2-acetyl-sn-glycerol (OAG), a stable cell permeable analog of DAG ( Figure 2G ). Here, perfusion of cardiomyocytes with OAG (10 mol/L) activated a nonselective current similar to that seen with Ang II. We found that the current density of OAG activated currents from Trpc1 Ϫ/Ϫ and WT cardiomyocytes were not different ( Figure  2G ). These results indicate that TRPC1 contributes to the Ang II-induced nonselective current, whereas TRPC1 does not influence the DAG-induced current. TRPC1 has also been implicated in store operated calcium entry as a SOC channel in many cell types including cardiomyocytes. However, we did not find a difference in the rate of Ca 2ϩ entry following store depletion in Trpc1 Ϫ/Ϫ neonatal cardiomyocytes compared to WT cells (Online Figure III) . These findings support our model in which TRPC1 channels respond to G protein signaling that is involved in the pressure overload response.
TRPC1 and the Stretch Response
We next determined whether cardiomyocytes from Trpc1 Ϫ/Ϫ mice responded differently to mechanical stretch than WT cardiomyocytes. Isolated neonatal cardiomyocytes subjected to a cyclic stretch at 15% strain at 1-Hz frequency for 8 to 24 hours duration expressed augmented levels of brain natriuretic factor (BNP) and atrial natriuretic factor (ANF) in a time-dependent manner ( Figure 3A ) peaking at 24 hours with a 7 fold increase in the BNP and ANF expression. Interestingly, treating WT cells with losartan to block angiotensin type 1 receptors (AT 1 Rs) prevented the induction of the stretch gene program. Moreover, Trpc1 Ϫ/Ϫ cardiomyocytes showed no change in the expression of BNP and ANF over any time point examined. Thus, neonatal cardiomyocytes lacking TRPC1 displayed a blunted response to stretch in comparison to WT cardiomyocytes. The blocking of stretch response by losartan treatment suggests that TRPC1 mediated stretch signaling is downstream of the AT 1 R.
It has been recently shown that mechanical stretch activates AT 1 R in an agonist independent manner that can result in activation of a nonselective cation current in vascular smooth muscle cells. 22 These results may explain the recent findings demonstrating TRPC1 and TRPC6 channels as putative stretch activated channels. 7 We, therefore, tested whether stretch influences the TRPC1 current in adult cardiomyocytes. Here, osmotic stress applied to the cardiomyocytes, by changing the osmolarity of the perfusion bath from 305 to 205 mOsm, increased the nonselective current (I swell ) in WT cardiomyocytes. The current-voltage relationship of the I swell from adult cardiomyocytes strongly resembled that observed above for pressure overload and Ang II. Osmotic stress did not activate the nonselective current in cardiomyocytes lacking TRPC1 ( Figure 3B and 3C) . We further characterized the I swell in WT cardiomyocytes to determine whether Ang II signaling was involved in the osmotic activated currents. Inclusion of the phospholipase C blocker U-73122 in the pipette solution decreased the nonselective current at baseline and following cell swelling induced by osmotic stress (Figure 3D and 3F ). We also demonstrate that the I swell in WT cardiomyocytes signals through the Ang II receptor as the current was significantly blocked by losartan (10 mol/L) compared to vehicle treated WT cardiomyocytes ( Figure 3E and 3F) . These data indicate Ang II signaling is fundamental to the current activated by cell swelling. Moreover, WT cardiomyocytes treated with tarantula toxin GsMTx-4, an inhibitor of stretch-activated channels also blocked the nonselective current induced by cell swelling, providing additional evidence that TRPC1 acts as a stretch activated channel (data not shown). 6, 23 Collectively, these studies show that Trpc1 Ϫ/Ϫ cardiomyocytes, in comparison to WT cells, fail to respond to different forms of stretch as indicated by the lack of stretch activated nonselective cation current (swelling and positive pressure) or changes in ANF and BNP mRNA expression (radial stretch). These results provide evidence in support of our model in which TRPC1 channels reside downstream of stretch-activated G proteincoupled receptor (GPCR) signaling to confer stretch dependent signaling associated with cardiac hypertrophy.
Loss of TRPC1 Alters Hypertrophic Signaling
To this point, our studies indicated that mice lacking TRPC1 are protected from the deleterious effects of pressure overload. Because it is now well established that calcium entry through TRPC channels influences calcineurin/NFAT (nuclear factor of activated T cells) signaling in many cell types including cardiomyocytes, we examined the phosphorylation state of NFATC3 in cardiac lysates prepared from WT and Trpc1 Ϫ/Ϫ mice as a marker of calcineurin/NFAT signaling. NFATC3 is dephosphorylated by calcineurin in pressureoverloaded hearts as was detected in the WT mice in Figure   4A . We then examined whether the loss of TRPC1 influenced NFAT signaling. First, we found a significant increase in phospho-NFATC3 in the heart lysates prepared from sham operated Trpc1 Ϫ/Ϫ mice compared to WT mice indicating that more NFATC3 exists in the inactive state in the sham operated Trpc1 Ϫ/Ϫ mice ( Figure 4A ). No differences in total NFAT were seen among WT and Trpc1 Ϫ/Ϫ mice, but a greater fraction of NFATC3 existed in the phosphorylated state in TAC operated Trpc1 Ϫ/Ϫ mice compared to TAC operated WT mice ( Figure 4A) . These data suggest that calcineurin/NFAT activity in the hearts of mice lacking TRPC1 is less active at baseline and after pressure overload ( Figure 4B) .
We next designed studies using a transgenic NFAT indicator mice 24, 25 to further examine the relationship between TRPC1 and calcineurin/NFAT signaling. Neonatal cardiomyocytes from NFAT indicator mice were infected with adenoviruses carrying either TRPC1 small interfering RNA (siTRPC1) or control small interfering RNA (scrambled) constructs ( Figure 4C ). Cardiomyocytes were stimulated with Ang II to alter the frequency of spontaneous calcium oscillations and activate the hypertrophic program ( Figure 4D ). In cells with TRPC1 silencing, we found a marked attenuation Figure 3 . A, TRPC1 influences the stretch activated program. ANF and BNP normalized to GAPDH in response to 8, 16 , and 24 hours of cyclic stretch (15% strain) in WT and Trpc1 Ϫ/Ϫ neonatal cardiomyocytes. *PϽ0.01 (WT stretched [8, 16 , and 24 hours vs 0 time point for ANF and BNP]). Losartan (24ϩL) (10 mmol/L) incubated cardiomyocytes were stretch for 24 hours. B through E, Current-voltage relationships of I NSC recorded from WT (B) and Trpc1 Ϫ/Ϫ (C) adult cardiomyocytes in isotonic and hypotonic solutions. Osmoticinduced currents were blocked in WT cardiomyocytes by phospholipase C (PLC) inhibition by including 10 mol/L U73122 in the pipette solution or by AT 1 R blockade with 10 mol/L losartan. F, Group mean changes of I NSC at Ϫ80 mV caused by osmotic stress in cardiomyocytes of WT (red bar, nϭ4) and Trpc1 Ϫ/Ϫ (blue bar, nϭ6) mice WT cardiomyocytes with phospholipase C blockade U73122 (purple bar, Nϭ5) or AT 1 R with losartan (green bars Nϭ5). *PϽ0.01, Trpc1 Ϫ/Ϫ vs WT; #PϽ0.05, losartanstimulated cells vs WT cells.
of the calcium oscillations compared to control silenced cells ( Figure 4D through 4F) . This change in the oscillation frequency in the siTRPC1 neonatal cardiomyocytes corresponded to a reduction in NFAT transactivation, as measured by LacZ reporter gene compared to control neonatal cardiomyocytes. These results support our in vivo studies suggesting that TRPC1 channels provide calcium entry needed for hypertrophic signaling through the calcineurin/NFAT signaling pathway in cardiomyocytes ( Figure 4G ).
TRPC1 and Hypertrophic Gene Expression
Cardiac hypertrophy with diminished cardiac function has long been associated with changes in profiles of gene expression. 26 We, therefore, measured the mRNA for BNP and ANF from the hearts of Trpc1 Ϫ/Ϫ and WT mice (sham-and TAC-operated). These neurohormones are released by cardiomyocytes subjected to increased wall stress and are important biomarkers for the activation of the fetal gene program in response to cardiac stress. 27 WT mice subjected to pressure overload were found to have a nine fold increase in the expression of BNP and 16-fold increase in ANF; whereas Trpc1 Ϫ/Ϫ mice subjected to TAC showed no significant change in BNP and ANF expression ( Figure 5A ). We also found that the expression of the calcium pump, sarcoplasmic/ endoplasmic calcium ATPase (SERCA)2a, was decreased in the TAC-WT mice, whereas there was no corresponding reduction in SERCA2a expression in Trpc1 Ϫ/Ϫ mice subjected to TAC. SERCA2a is known to be diminished in heart failure and may contribute to abnormal calcium signaling. 28 It is clear from these studies that the attenuated cardiac hypertrophy and preserved cardiac function observed in mice lacking TRPC1 accompanied no changes in the gene expression profile associated with maladaptive cardiac hypertrophy.
To better understand the survival advantage offered to Trpc1 Ϫ/Ϫ mice in response to pressure overload, we next tested the hypothesis that Akt signaling pathways associated with cardiomyocyte survival would be enhanced in the Trpc1 Ϫ/Ϫ mice. In fact, we were unable to discern differences in the level of phospho-Akt between the sham and TAC operation in WT mice. In contrast, Akt phosphorylation was notably increased in heart lysates prepared from Trpc1 Ϫ/Ϫ mice following the TAC operation. Likewise, phospho-mTOR (mammalian target of rapamycin) was markedly increased in the heart lysates of Trpc1 Ϫ/Ϫ TAC operated mice compared to WT mice. No differences were noted in the total Akt or mTOR expression of WT or Trpc1 Ϫ/Ϫ hearts ( Figure  5B and 5C). These results suggest that the preserved cardiac function and minimal changes to cardiac mass following pressure overload seen in mice lacking TRPC1 may be due in part to the preserved Akt and mTOR signaling which are associated with cell survival.
Discussion
In the present work, we reveal a highly specific role for TRPC1 as a nonselective cation channel in cardiomyocytes that participates in cardiac hypertrophic signaling. In particular, we show that mice lacking TRPC1 are protected from the deleterious effects of increased intracardiac pressures imposed by various forms of cardiac stress (pressure overload or chronic Ang II stimulation). These findings provide the strongest support to date that TRPC channels play a significant role in the pathophysiology of cardiac hypertrophy.
Recent reports have suggested that TRPC1 and TRPC6 are stretch activated cation channels. 7, 22 How the TRPC channels sense changes in stretch and what molecular mechanism leads to TRPC1 channel gating is presently unknown. It has been proposed that TRPC channels either respond directly to deformation of the lipids in plasma membranes or as a downstream consequence of AT 1 R activation. 22, 29 We have recently suggested that the scaffolding protein homer-1 links TRPC1 with the cytoskeleton in skeletal muscle. 30 In the present study, cardiomyocytes lacking TRPC1 are protected from pressure overload which further supports our model. Under normal hemodynamic conditions TRPC1 plays a role in adjusting cytoskeletal stiffness associated with loading conditions. However, under pathological workloads TRPC1 currents are augmented in response to more TRPC1 channel expression resulting in the activation of adverse remodeling associated with cardiac hypertrophy. It will be important to know in future studies whether TRPC channels connected to the homer-cytoskeleton are influenced by GPCR activation as has been suggested for TRPC1, homer and mGluR receptors in neurons. 31, 32 TRPC channels are nonselective cation channels and cation flux through TRPC channels have been implicated in other mammalian physiological processes including learning and memory in the brain and glomerular slit diaphragm function in kidney epithelial cells. 33, 34 The present work, along with other recent reports, establishes that TRPC channels are located at the sarcolemma where TRPC1 mediated cation flux influences the transition from adaptive to maladaptive cardiac hypertrophy. What is the common link between TRPC channel activity in neurons, podocytes and cardiomyocytes? In neurons TRPC channels are important modulators of the cytoskeleton where growth cones turn and extend processes in response to local growth factor concentrations. 34 -38 In the podocyte, activating mutations in TRPC6 disrupt the normal function of the foot process which is highly dependent on the integrity of the actin cytoskeleton and GPCR signaling. 39, 40 According to our model, TRPC channels act downstream of GPCR signaling that influences membrane-cytoskeletal interactions to accommodate specific cellular signaling events. Under conditions of pressure overload, TRPC1 calcium entry is likely to influence hypertrophic signaling resulting in the remodeling response that leads to heart failure. Future efforts to block these channels may offer novel strategies to treat cardiac hypertrophy and failure. 
